During metabolism of (type I) drugs by cytochrome P-450-dependent monooxygenase of the endoplasmic reticulum, the NADPH/NADP+ ratio in rat liver selectively decreases to approximately one-half of the control values, whereas the NADH/NAD' ratio remains practically unaffected [Sies, H. & Brauser, B. (1970) Eur (2), and from a comparison of the oxalacetate response in glucagon-challenged and control mitochondria (3). Because the molecular mechanism of the nicotinamide nucleotide effects is still unknown, a distinction between the oxidation of NADPH and of NADH as the agent primarily involved appears to be of interest. Some evidence pointing towards a preferential role of NADPH is available (3). Ca2' efflux from isolated hepatocytes was also found to be stimulated when mitochondrial nicotinamide nucleotides were oxidized (4) and, conversely, Ca2+ addition led to an increased reduction of mitochondrial NAD(P)+ .in hepatocytes (5). However, efflux from intact cells may not necessarily be linked to efflux from the mitochondrial matrix space, because a considerable share ofcellular Ca2" is associated with the. endoplasmic reticulum and with the plasma membrane (6).
of the thiol oxidant diamide, and by t-butyl hydroperoxide. However, whereas Ca2`efflux elicited by these compounds was restricted upon addition ofthe thiol dithioerythritol, there was little, if any, sensitivity of the drug-associated Ca2+ efflux to the thiol. Further mitochondrial oxidation of NADPH by addition of ammonium chloride had no effect on drug-associated Ca2+ efflux. Prior addition ofthe ea-agonist phenylephrine suppressed the Ca2+ release by drug addition. While the molecular mechanism involved in Ca2+,efflux from liver mitochondria and from hepatocytes as well as the regulatory significance are not yet' known, it is concluded from the present experiments that in case of nicotinamide nucleotide-linked Ca2+ efflux the. oxidation of NADPH may suffice, with oxidation of NADH not being a requirement.
Calcium efflux from isolated mitochondria can be stimulated by a variety of metabolic transitions, and the hypothesis was put forward by Lehninger et al. (1) that redox transitions are crucial, in particular the oxidation ofreduced nicotinamide nucleotides. Evidence consistent with this hypothesis was provided from experiments in which t-butyl hydroperoxide was used as oxidant (2) , and from a comparison of the oxalacetate response in glucagon-challenged and control mitochondria (3) . Because the molecular mechanism of the nicotinamide nucleotide effects is still unknown, a distinction between the oxidation of NADPH and of NADH as the agent primarily involved appears to be of interest. Some evidence pointing towards a preferential role of NADPH is available (3). Ca2' efflux from isolated hepatocytes was also found to be stimulated when mitochondrial nicotinamide nucleotides were oxidized (4) and, conversely, Ca2+ addition led to an increased reduction of mitochondrial NAD(P)+ .in hepatocytes (5) . However, efflux from intact cells may not necessarily be linked to efflux from the mitochondrial matrix space, because a considerable share ofcellular Ca2" is associated with the. endoplasmic reticulum and with the plasma membrane (6) .
It is now well established that during enhanced electron flux through the cytochrome P-450-dependent monooxygenase system of the endoplasmic reticulum the cellular NADPH/ NADP+ is decreased substantially, whereas NADH/NAD+ is not significantly affected. For example, in perfused liver NADPH/NADP+ decreased from 4.0 in the controls to 2.3 during oxidation of a drug substrate for cytochrome P-450, hexobarbital, with NADH/NAD+ remaining unchanged (7) . This has been confirmed by various groups employing different drug substrates by direct measurement or with redox indicator metabolites both in isolated hepatocytes and in isolated perfused liver (8) (9) (10) (11) . Further, it is noteworthy that the NADPH oxidation occurs in both the cytosolic and the mitochondrial compartments of the hepatocyte (11) .
The selective oxidation in the NADPH system initiated at the endoplasmic reticulum, therefore, seemed a useful tool to investigate redox-linked properties of Ca2+ efflux in the intact cell. In the present work, we have examined Ca2' release from the isolated perfused rat liver during drug oxidations.
MATERIALS AND METHODS
Hemoglobin-Free Perfusion of Rat Liver. Livers of male Wistar rats of 130-190 g body weight, fed on stock diet (Altromin), were perfused as described previously without recirculation of the perfusate, using the bicarbonate-buffered Krebs-Henseleit solution except for Ca2+ concentrations (12) . The Ca2+ concentration was 1.25 mM during the initial period ofperfusion, approximately 10 min, and then the Ca2+ was lowered to 10 uM for another 10-15 min before switching to a medium with 5 ,uM Ca2+, everything else being constant. In order to increase monooxygenase activity, the animals were pretreated with sodium phenobarbital (1 g/liter of drinking water) for at least 7 days. Perfusate flow (3.5-4.5 ml min-I g of liverl) was maintained constant throughout the individual perfusion experiment. The -temperature was 370C.
Assays. Effluent caval perfusate was monitored continuously for 02, pH, and pCa2' by using appropriate electrodes (12) . The Ca2+-specific electrode was operated as described previously in detail for the K+ and NH' electrodes (13 
RESULTS
Calcium Efflux from Perfused Liver During Drug Oxidations, The perfused liver releases Ca2" into the effluent caval perfusate when flux through the NADPH-dependent monooxygenase system with cytochrome P-450 as terminal oxidase is stimulated' by the addition of a drug substrate, aminopyrine (Fig. 1) . The effect is rapid and reversible. In this particular experiment, the influent perfusate contained 1.25 mM Ca2+ until 13 min, then 10 ,M Ca2" until 28 min, when the final concentration of5 ,uM was given. This way, the electrode trace is calibrated, independent of any trace amounts of Ca2+ that might be present in the other salt components of the Krebs-Henseleit solution. Further, it is seen that during this early period in the experiment there is a slight downward drift, due to a slowly decreasing basal Ca2' release. The extra Ca2+ efflux upon the addition of aminopyrine is 3 ,uM, amounting to a rate of 12 nmol min-' g of liver-'. Similar observations were obtained when other drug substrates were used-e.g., ethylmorphine or hexobarbital ( Table 1) .
Dependence of Drug-Induced Calcium Efflux on Monooxygenase Activity. When cytochrome P-450-dependent drug oxidation was inhibited by the prior addition of metyrapone, both the extra 02 uptake and the extra Ca2' efflux upon addition of ethylmorphine (Fig. 2) or of aminopyrine (not shown) were suppressed. Alternatively, when the 02 concentration in the effluent perfusate was artificially decreased by appropriate°2J N2 mixtures in the oxygenator toward the level observed upon addition of drug substrate, there was no extra Ca2' release. Also, there was no extra Ca2+ efflux when the drugs were infused during anoxic conditions (replacement of 02 by N2).
The oxidation ofaminopynine and ethylmorphine leads to the generation of formaldehyde; formaldehyde (0.4 mM) infusion did not influence the Ca2`concentration in the effluent perfusate. Hexobarbital, a drug that is C-hydroxylated rather than N-demethylated and thus does not give rise to formaldehyde, provides Ca2`efflux rates similar to those of the former drugs. The nutritional state slightly affects the-Ca2`efflux, which is higher, with livers from fed than from fasted rats ( Table 1) . Mitochondrial-Cytosolic Interrelationships. Subfractionation experiments with isolated hepatocytes revealed that the free NADPH/NADP+ system undergoes oxidation both in the cytosol and in the mitochondrial matrix space during aminopyrine oxidation, as indicated by a similar response in the isocitrate/2-oxoglutarate couple in both of these subcellular compartments (11) . Thus, the possibility exists from these results that the Ca2`efflux observed during drug oxidation is a consequence of a cytosolic or mitochondrial redox transition or both.
In order to further oxidize the mitochondrial matrix NADPH (15) , ammonium chloride was infused. However, Ca2`efflux was stimulated only slifhtly by ammonium chloride (about 2.0 nmol min-g of liver ) in the presence and in the absence of ethylmorphine; this was the case with livers from both fed and fasted animals. On the other hand, when mitochondrial electron flux was blocked by the addition ofantimycin A, the Ca2" efflux elicited by ethylmorphine was observed only with livers from fed rats, not from fasted rats (Fig. 3) . Due to the presence of Phenylephrine glycogen substrate for the pentose phosphate pathway in livers offed rats, reducing equivalents for drug oxidations can be supplied in spite of the presence of antimycin A in livers from fed rats but not from fasted rats, as is also indicated by a corresponding increase in 02 uptake upon drug addition in livers from fed rats but not from fasted rats, not shown here (cf. refs. 7 and 16). Therefore, these findings confirm the results obtained above with metyrapone, namely that the Ca2' efflux upon drug addition is dependent on flux through the cytochrome P-450-dependent monooxygenase system.
Relationship to Phenylephrine-Mobilizable Ca2" Pool. Recently, it was concluded from experiments with perfused liver that the mobilizable Ca2+ pool responsive to addition of the aadrenergic agonist phenylephrine is associated with the plasma membrane (17) . However, similar experiments with perfused liver (18) and with isolated hepatocytes (19, 20) provided evidence for a mitochondrial localization ofthe responsive pool and a redistribution in favor of the microsomal compartment (20) .
The experiment in Fig. 4 shows that the Ca2+ pool mobilizable from the liver by aminopyrine is included in the (much larger) Ca2' pool mobilizable by the a-agonist. The aminopyrine-elicited Ca2' efflux is absent when phenylephrine has been given prior to the addition of the drug (Fig. 4A) . However, after replenishment of the hepatic Ca2+ stores from extracellular Ca2+ provided by a perfusion interval (30 min) with high Ca2+ (1.25 mM), the aminopyrine response is demonstrable with the same liver (Fig. 4B) .
Relationship to Thiol Redox State. The oxidative transitions elicited by the additions shown in Table 1 system: t-butyl hydroperoxide is reduced to t-butyl alcohol by glutathione peroxidase, yielding oxidized glutathione (GSSG) directly (21, 22) , whereas GSSG efflux observed during oxidations by cytochrome P450 may arise from the formation of H202 or organic hydroperoxides accompanying these drug oxidations (23, 24) . Therefore, and because of known effects of thiol-specific reagents on Ca2' efflux from isolated mitochondria (25) In fact, an extra Ca2+ efflux was initiated upon the addition of diamide, the thiol oxidant, and this effect was abolished upon the additional infusion of the thiol reductant dithioerythritol (Fig. 5) , indicating that an oxidative transition in the thiol redox state is capable of releasing Ca2' also from the intact organ.
However, when dithioerythritol was added during drug oxidation, e.g., of ethylmorphine, there was little change; also, the prior addition of dithioerythritol had no significant influence on the extra Ca2' release elicited by ethylmorphine (not shown).
Thus, for drug-associated Ca2' release to occur, bulk phase thiol oxidation does not appear to be a requirement. Furthermore, the depletion of cellular glutathione levels by treatment of the animals with a glutathione-alkylating electrophile, diethylmaleate, at a dose of 1.2 mmoVkg of body weight 1 hr prior to the experiment had no effect on Ca2' efflux: the results were virtually superposable on those of controls-e.g., Fig. 2 .
DISCUSSION
The experiments reported here demonstrate that an efflux of Ca2+ from the liver cell into the extracellular space is triggered upon enhancement of electron flux through the cytochrome P-450-dependent monooxygenase system by the addition of drug substrates. Ca2' efflux was restricted when drug substrates were added under conditions not permitting an increased electron flux-e.g., with metyrapone, under anoxic conditions, or in the presence of antimycin A in livers of fasted rats. The employed experimental setup, therefore, allows the conclusion that the observed Ca2' efflux depends, as a primary event, on the oxidation of NADPH at the endoplasmic reticulum. Although synergistic effects of NADPH and NADH have been described for drug oxidations in isolated microsomes (26) , net oxidation in the NADH system does not occur in the intact cells (7) (8) (9) (10) (11) . In fact, there is a slight increase in the lactate-to-pyruvate and hydroxybutyrate-to-acetoacetate ratios during aminopyrine metabolism (27) , whereas the isocitrate-to-2-oxoglutarate ratio decreases to one-half of the control (11) . Thus, the nicotinamide nucleotide oxidized is selectively NADPH.
Ca2' efflux from the cell may result simply from the outer phase of the plasma membrane (17 (20) .
The molecular mechanism of the facilitation of Ca2+ release remains to be elucidated. For example, a process such as ADPribosylation by nicotinamide nucleotides (29) or a role of the extramitochondrial pH (30) have been proposed. In a recent report, the measured ratios of NADPH/NADP+ correlated with Ca2+ efflux from isolated mitochondria under various conditions, whereas NADH/NAD' ratios did not (31) , but this distinction between NADP+ and NAD+ systems was not discussed by the authors of (31) . Except for a lack of a stimulatory effect of added ammonium ions, known to selectively oxidize mitochondrial matrix NADPH (15), the observations on the whole liver presented here are compatible with previous results obtained with isolated mitochondria (1-3, 29, 31 ). However, as stated above, at present we cannot draw a conclusion on the subcellular location of the Ca2+ pool responsive during drug oxidations. The possible physiological significance of nicotinamide nucleotide-dependent Ca2+ movements has recently been questioned because ofa collapse ofthe membrane potential (32) , but in similar experiments the membrane potential remained high, indicating structural and functional integrity during conditions of facilitated Ca2' efflux (29) .
